Ferromagnetic (FM) nanostructures embedded in semiconductors are of fundamental interest since their physical properties could be used in new devices such as memories, sensors or spintronics.
Introduction
New hybrid magnetic semiconductor materials with low dimensions are of great fundamental and technological interest, as both the charge and the spin of the carriers can be used, which opens new fields in spintronics [1] . New devices such as memories, sensors, for example, may be developed by taking advantage of these new physical properties and their small size. Among the different possibilities to achieve ferromagnetic (FM) semi-conductors, the incorporation of Manganese in a GaAs substrate is one of the most promising. Most of the current studies deal with Molecular Beam Epitaxy to fabricate (Ga,Mn)As diluted phases [1] .
These systems display Curie temperature (T C ) in the range of 80-110K, therefore limiting their potential application. Higher T C can be reached by forming pure MnAs phases. Nanoclusters (ncs) can be formed also by means of MBE [2] [3] . However, Mn ion implantation in GaAs followed by heat treatment is another route to synthesize nanocluster populations of MnAs embedded in a GaAs matrix [3] [4] [5] [6] [7] . The advantages of this method are the accurate control of the depth positioning of ncs through the energy of the ions, the density of ncs by adjusting the dose and the mean size by tuning the thermal treatment. In this work, we present a full analysis of the effects of the synthesis conditions on nanosized MnAs ferromagnets characteristics fabricated by Mn ion implantation. The Manganese profiles are followed by Secondary Ion Mass Spectrometry (SIMS) on as-implanted and annealed samples for various doses, annealing temperatures and times. We show the effect of the Mn diffusivity on the final material. The impact of co-implantation is analyzed. The crystalline structure and the magnetic properties are obtained respectively by Transmission Electron Microscopy (TEM) and SQUID magnetometry. Finally we propose two routes for a successful synthesis of this material.
Experimental details
In order to fabricate MnAs nanomagnets, the goal is to introduce from 2 to 4 % of Mn in the GaAs crystals which corresponds to doses in the 10 16 ions.cm -2 range. We have studied two different conditions of implantation in semi-insulating (001) GaAs wafers. In the first case, we performed a co-implantation of Mn and As ions at energies of 141 keV and 180 keV respectively. These energies were chosen from a TRIM calculation in order to get the same depth for both Mn and As maximum concentrations, and to keep good stoichiometry along the 
Results and discussion

1 Chemical analysis.
SIMS measurements have been carried out on all samples to follow the different fabrication steps from as-implanted to annealed. Figure 1 In figure 2 we have plotted the Mn concentration profiles for different RTA annealing temperatures ranging from 600°C to 850 °C for one minute. This graph corresponds to a co-implantation at a dose of 1x10 16 ions.cm -2 . It is clear that at 600°C the Manganese remains around the Rp = 78 nm, while for higher temperatures (650°C and 850°C) the Manganese diffuses rapidly towards the surface and the crystal/amorphous interface in a first step, and finally toward greater depth in the GaAs for high temperatures. It is noticeable in figure 3 , that both Mn profiles remain the same for both rapid thermal annealing (RTA) at 600°C for 1 min or classical furnace annealing (CTA) at 600°C for 30min. From these SIMS studies we conclude that for high implantation doses, a co-implantation Mn+As is necessary to trap the manganese at its original location whatever the thermal annealing. For a lower dose, the temperature has to be reduced to 600 °C to have a significant amount of the manganese remaining around the Rp. From figure 2 and 3 it is clear that the diffusion process is activated at temperatures ranging between 600 °C and 650 °C. This could be put in relationship with the congruent temperature of GaAs (T G = 630°C) [8] when Arsenic begins to evaporate, which leads to a large injection of vacancies in the crystal.
2 Structural properties.
The same set of samples were observed by cross-sectional TEM images and by HRTEM. Figure 4 and for lower doses with annealing temperature higher than 650°C. No nanoclusters could be observed in these cases. However, on the images obtained on samples annealed at a temperature of 600 °C, whatever the annealing time or method (RTA or CTA) used, nanoparticules were again found. These observations correspond perfectly with the SIMS profiles behavior described in the previous section. When the manganese remains at its original location either for the higher dose of the co-implanted samples or for an annealing temperature lower than 650°C nanoclusters are formed. In the other cases, the loss of manganese is too high and no clusters can be formed. If these conditions are respected, nanoclusters are formed with a broad size dispersion displaying an average diameter ranging from 9 to 13 nm, depending on the annealing conditions.
3 Magnetic properties.
Magnetization measurements have been perfomed systematically on the different systems. Hysteresis loops have been measured at 2 and 300K, as well as the temperature 
Conclusion
We have successfully formed MnAs nanosized ferromagnets in semi-insulating (001)
GaAs by Mn ion implantation and subsequent annealing. The properties of such a system have been studied by SIMS, TEM and SQUID magnetometry. We have underlined the importance of the annealing process and particularly of the temperature on Mn diffusion. We have two different behaviors for temperature under and above the congruent temperature of GaAs, T G = 633°C. We have determined the position, the nature and size distributions of the nanoclusters by TEM. A mean diameter from 9 to 13 nm is observed. The ncs population exhibits a ferromagnetic behavior at low temperature. Superparamagnetic behavior is observed at higher temperature with a wide distribution of the blocking temperatures which reflects the size distribution of ncs size and dipolar fields. We also found a higher T C = 360K than the bulk possibly due to some Ga mixing in MnAs. This study has identified two ways to successfully synthesize MnAs nanoclusters using ion implantation. [As] = 2.10 16 cm -2 ). 
